Abstract. Bamboo fibers as a natural fiber offer numerous advantages such as high specific strength over synthetic fiber when used as reinforcing fiber for polymer composites. Yet the hydrophilic nature of bamboo fibers with high moisture absorption results in incompatibility in between bamboo fibers and unsaturated polyester resin. An experimental study was carried out to investigate the effects of alkali treatment of bamboo fiber on the mechanical properties and water sorption properties of polyester composite. The result revealed that, the bamboo fiber polyester composite with 5% Alkali treated bamboo fiber possesses the highest mechanical properties. Besides, Alkali treated fibers composite showed a significant reduction in moisture uptake compared to untreated fibers, where composite with 7% Alkali treated showed the lowest moisture uptake.
Introduction
Bamboo species are cheap and fast-growing resources found abundantly in regions of Asia, also appearing in middle and South America in which is widely used in building structures, scaffolding and furniture due to its low density and mechanical resistance [1] . Bamboo fibers also yield decent adhesion strength with thermoplastic matrices, lightweight yet having high aspect ratio, less abrasive to process equipment and significantly it is recyclable and biodegradable [2] . Yet the shortcoming for using bamboo fiber reinforced polymer composite is the discordancy between the hydrophilic strands of fiber and the hydrophobic nature of the polymeric matrices [3] . This affects the adhesion of the composite, difficult homogenization and limited stress transfer which leads to poor mechanical properties [1] . Therefore surface modifications such as on the fiber are done to improve performance.
Modification of the fiber surface has been done extensively with various methods such as autohydrolysis of bamboo, graft polymerization of monomers onto the surface of fibers, the use of alkaline treatment, maleated coupling agents, acrylation and acrylonitrile grafting and etc. Such improvements enhance interfacial adhesion which exemplifies the mechanical properties of the polymer composite. Chemical treatment such as alkaline treatment is often used in removing the hydrogen bonding present in fiber cellulose structure. Eliminating or reducing these hydrophilic hydroxyl groups increases resistance to moisture adsorption hence the adhesion of the fiber and matrix [3, 4] . On the other hand, mercerization of epidermal layer tissue of the fibers occurs simultaneously, which initiates partial dissolution of lignin, pectin, and hemicellulose on natural fiber and exposes the short length crystallites [3, 5] .
The matrices used are often polymers which are derived from petroleum and its derivatives and natural gas. Generally, polymer materials are classified into three types: thermoplastics, thermosets and elastomers. Thermosets possesses higher thermal stability, higher stiffness, and dimensional stability, lower density, better creep resistance compared to thermoplastics [6] . Hence, it can withstand high temperatures; easily molded directly using raw polymer material without further processing required. Commonly used thermosets include epoxies, vinyl esters and polyesters. Thermoplastics are however thermally unstable as it will soften when heated as well as having varying properties with changing forms of individual polymer chains [6] . The remarkable properties of the polymers are widely utilized and possess expandable potential in construction, transportation and manufacturing industry.
Materials and Methods
Selection of Materials. Unsaturated polyester resin Reversol P-9539 NW was purchased from Synthomer. It was used as the matrix with Butanox ® Methyl Ethyl Ketone Peroxide catalyst supplied by AkzoNobel. Bamboo fibers were collected from the locality which was used as reinforcement. 99% NaOH pellets were supplied by Merck & Co. NaOH pellets were used for alkali treatment of bamboo fibers with a solution concentration of 3%, 5% and 7%. Meguairs Mirror Glaze no.8® Maximum Mold Release Wax was supplied by Meguairs. It was used for mold release agent.
Fiber Extraction. The barks and the node of the bamboo were firstly cut off with a saw, leaving with the hollow cylindrical portion of the culm. The bamboo fibers to be used in the experiment were obtained from the bamboo culm. The culm portion is further cut in longitudinal direction where it is broken down into portions of thickness 1-10 mm and width 5-10 mm. The broken down bamboo portions were soaked in water for a day at room temperature (27±5℃) to let it soften. The soften portions were removed from the water and were beaten with a hammer to loosen the bamboo fibers of the portion. The beaten fibers portion were then scraped with a sharp blade and combed following the longitudinal direction until desired fiber strip length was obtained. Scraped fiber strips were further cut down into lengths of 25 cm with a stainless steel scissors. Extracted fibers were soaked and washed thoroughly in distilled water to remove impurities. Cleaned fibers were dried in an oven for 72 hours at 105℃ to ensure fibers were properly dried. The fibers were then kept in airtight containers for storage at room temperature.
Alkali Treatment. Extracted bamboo fibers were soaked in alkali solutions with concentrations 3%, 5% and 7% for 24 hours at a temperature of 25 ± 5℃. The fibers were then rinsed thoroughly to remove excess NaOH and impurities. Alkali treatment process alters the orientation of densely packed crystalline cellulose order and hence creating an amorphous region [4] . Hydroxyl groups on fiber surface which are hydrophilic in nature are vastly reduced and thus increases the fiber moisture resistance property. The outer surface of natural fibers contains a definite amount of hemicellulose, pectin and lignin that controls the rate of water uptake into the fiber core [6] . The treatment process also inadvertently depolymerizes the innate cellulose structure by removing a certain amount of these surface substances formerly mentioned [3] .Thus with the elimination of microvoids on fiber structure, the uniformity of the surface is optimized where stress transfer capacity from the matrix to the fiber is increased as well. Dynamic thermal analysis and fatigue evaluation tests were performed by Nazare et al. [7] with alkali treated sisal fiber composites with both epoxy and polyester resin matrix. Better mechanical properties were observed in treated fibers when compared to untreated fibers. Yet one of the drawbacks is fiber surface may experience excess delignification with a higher alkali concentration usage, which usually weakens and damages the fiber. It is undesirable as this decreases performance in composite mechanical properties. Alkali treatment is an effectively viable method of improving mechanical surface properties of the fiber.
Composite Fabrication
Bamboo Fiber Reinforced Composite. Bamboo fiber polyester composite panels were fabricated with vacuum assisted resin transfer molding (VARTM). The surface of mold was applied with mold release wax and let dry. Pre-compressed bamboo fibers which were aligned unidirectional along the longitudinal direction of fiber were transferred onto the mold. The mold was then sealed with vacuum bagging and connected to the vacuum pump. A resin trap was used. Air was vacuumed from the bagged mold and checked for leakage. 100 parts of polyester resin was mixed with 1 parts of catalyst (Butanox MEKP) and stirred gently for 2 minutes. The mixture was degasified for 10 minutes in the vacuum chamber and immediately infused into the mold at a controlled vacuum pressure of -0.6 bar for the fibers to be evenly wetted.
Experimental Method
Tensile and Flexural Testing. Tensile and flexural properties of Bamboo composite samples were tested using LR Plus Lloyd universal testing machine. Three-point bending test was performed according to ASTM D790-10 standard to measure flexural strength and modulus for all types of samples. Tensile test was performed according to ASTM D3039M-14 standard for Bamboo composite samples whereas neat resin samples were tested according to ASTM D638-14 standard. Five samples of each composite variation were tested with a crosshead speed of 2mm/min for both tensile and flexural testing.
Water Sorption Test. The method for water sorption test was performed according to ASTM D570-98 standard. Test specimens were in shape of a disk with dimensions of 50.8 mm in diameter and 3.2mm in thickness. Prior to sorption test, three sample specimens were conditioned and dried in an oven at 50℃ for 24 hours. The composite samples were then allowed to cool in a desiccator. The samples were weighed on an electronic weighing balance with a precision of 0.001g as soon as it was removed from the desiccator prior to immersion. The samples were then immersed in deionized distilled water baths at room temperature of 25±5 ℃. The samples were periodically removed from the water bath every 24 hours and wiped dry carefully with a paper towel. The samples were then weighed on the electronic weighing balance and their weights were recorded down with a precision of 0.001g and were immersed back in the water bath. Water sorption percentage of the specimen was calculated in percentage to the nearest 0.01% as follows:
(1)
Results and Discussion
Tensile and Flexural Properties. Untreated Bamboo composite exhibited the lowest tensile strength, 63MPa, and low tensile modulus, 3160MPa compared to NaOH treated composite as illustrated in Figure 1 . Similarly, flexural strength and flexural modulus are at its lowest with 95.40MPa and 6729 MPa, respectively, compared to treated composite, shown in Figure 2 . During the tensile test for untreated composite, the matrix first failed by breaking laterally with some fibers still intact and unbroken. For the flexural test, failure occurs by separation of layers. This is a result of poor fiber-matrix adhesion as fibers debonding from the matrix occurs during stress transfer. The poor wettability of untreated bamboo fibers is due to its hydrophilic nature which is reinforced by surface compositions of cellulose, hemicellulose, lignin and wax. This hinders the hydrophobic unsaturated polyester matrix to bond evenly with the fibers. At regions where the fiber-matrix bonding is poor, failure is likely to occur at that region where stress is not evenly transferred. Nonetheless, the elastic modulus increases significantly from neat polyester resin due to increase loading of fiber in the matrix.
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However, NaOH treated bamboo composite with concentration 3wt%, 5wt% and 7wt% have shown a significant increase in both tensile and flexural strength. Tensile and flexural modulus was also increased in a similar manner. Tensile strength for 3wt%, 5wt% and 7wt% concentration of NaOH treated bamboo composite compared to untreated bamboo composite were increased by 54.8%, 135.5% and 113.6%, respectively. 5% NaOH treated composite displayed the best tensile strength and flexural strength of 148.7 MPa and 206 MPa, respectively. Kushwaha and Kumar reported that 5% NaOH treated bamboo fibers were optimum for tensile and flexural tests in a range of 1% to 25% NaOH concentration. Similarly, 5% NaOH alkali treated long bamboo fibers reinforced vinyl ester composite fabricated by VARTM process was reported with highest tensile properties among 1% to 10% NaOH concentration [9] . Hydrogen bonding between the bamboo fiber and matrix was principally responsible for the strength of the composite. As reported by Abdul Khalil et al. [10] , scanning electron microscope studies found least fiber pull-out occurs in the interaction between alkali treated bamboo fibers with polyester matrix. During alkali treatment, certain amounts of structural compositions of the bamboo (cellulose, hemicellulose, lignin and wax) were removed which improves the fibers wettability and thus the improved mechanical performance. Large amounts of lignin on fiber surface were removed but not lignin in the middle lamellae section which ultimately improves fiber-matrix adhesion [11] . Ultimately, removal of these substances which promotes moisture absorption improves the fiber -matrix bonding [4] .
7% NaOH treated Bamboo composite shows a decrease in tensile and flexural strength with 21.88% and 21.80%, respectively, from 5% NaOH treated Bamboo composite. Similarly, the tensile and flexural modulus were also reported lower with a decrease of 4.43% and 6.01%, respectively, from 5% NaOH treated Bamboo composite. Higher concentration of alkali treatment promotes excess delignification of the fiber which results in the removal of additional lignin and hemicellulose, which constitute the strength of the fiber [8] . When hemicellulose was removed optimally, the interfibrillar region of the fiber becomes less rigid and less dense, which allows the fibrils to be arranged along the direction of load deformation. Such assemble yields improved and even load transfer and hence higher stress development in fiber. However, excessive removal of hemicellulose softens the interfibrillar matrix and thus decreases the degree of load transfer. In overall, alkali treated composite have shown a substantial increase in terms of mechanical performance from untreated Bamboo composite, with 5wt% NaOH treated Bamboo composite exhibiting the highest tensile strength and flexural strength of 135.52% and 115.94% increase, respectively. 5wt% NaOH treatment is the optimum alkali treatment concentration for bamboo fibers. Figure 3 Fabricated treated Bamboo composite panels were allowed to cure at room temperature for at least 24 hours and post-cured in an oven at 80℃ for 2 hours. Before the test was performed, samples were conditioned by sanding off uneven edges and surfaces and dried in the oven at 50℃ for 24 hours to remove any excess moisture. Untreated composite showed the highest water sorption rate, approximately double the rate of treated composite. All alkali treated composite demonstrated low water sorption rate with 7% NaOH treated composite having the lowest rate. The high water sorption rate of untreated composite was attributed to its hydrophilic nature which attracts water molecules. Surface composition of untreated bamboo fibers consists of lignin and hemicellulose which are aplenty with hydroxyl functional groups which easily forms weak covalent bonds with water molecules and thus swelling of the cell walls in the fibers [12] . Hemicelluloses of the fiber were the main composition of water uptake with non-crystalline cellulose acting as secondary assistants [13] . Hydrophilic nature of the bamboo fibers was successfully reduced due to changes of surface property by alkali treatment. The bamboo fibers that were treated with NaOH shows a decrease in affinity of fibers towards water sorption as most hydroxyl functional groups which are accountable for water uptake were occupied by corresponding soft metal ions. Thus new cellulosic bonds were generated between parent cellulose molecules from the subsequent neutralization of the hydroxyl functional groups [10] . Higher stability of the alkali treated bamboo was generated with increasing crystallinity index due to the closely packed system of fibers from the generation of new cellulosic bonds aforementioned [14] . 7% NaOH treated composite has the lowest water uptake percentage among other composite samples. This is attributed to more amount of hemicellulose content removed. The reduced water uptake percentage in the composite was also due to better adhesion of the fiber-matrix interface [10] . 
Conclusion
In conclusion, this study showed confidently that alkali treatment is an efficient surface modification for modifying the mechanical properties and moisture gain properties of bamboo fibers polyester composite. Findings from mechanical properties and water sorption properties are summarized as below:
• All alkali treated bamboo fiber reinforced composite showed increase in tensile and flexural strength and moduli compared to untreated composite attributed to improved fiber-matrix interaction.
• 5wt% NaOH treated Bamboo composite exhibited the highest improvement from untreated composite. Tensile strength and modulus were increased by 135.52% and 15.07%, respectively. While flexural strength and modulus showed an increment of 115.94% and 84.11%. 5wt% NaOH treatment was optimum for bamboo fibers.
• All 3%, 5% and 7% NaOH treated Bamboo composite samples showed a significant decrease in percentage of moisture uptake when compared to untreated Bamboo composite owing to removal of hemicellulose and non-crystalline celluloses from fiber surface and improved fiber-matrix adhesion.
